Objective: Many studies have linked the structure and function of frontostriatal circuitry to cognitive control deficits in attention deficit hyperactivity disorder (ADHD). Few studies have examined the role of white matter tracts between these structures or the extent to which white matter tract myelination and regularity correlate in family members with the disorder.
Method:
Functional imaging maps from a go/nogo task were used to identify portions of the ventral prefrontal cortex and striatum involved in suppressing an inappropriate action (i.e., cognitive control) in 30 parent-child dyads (N=60), including 20 dyads (N=40) with ADHD and 10 dyads (N=20) without ADHD. An automated fiber-tracking algorithm was used to delineate white matter fibers adjacent to these functionally defined regions based on diffusion tensor images. Fractional anisotropy, an index of white matter tract myelination and regularity derived from diffusion tensor images, was calculated to characterize the associations between white matter tracts and function.
Results: Fractional anisotropy in right prefrontal fiber tracts correlated with both functional activity in the inferior frontal gyrus and caudate nucleus and performance of a go/nogo task in parentchild dyads with ADHD, even after controlling for age. Prefrontal fiber tract measures were tightly associated between ADHD parents and their children.
Conclusions:
Collectively, these findings support previous studies suggesting heritability of frontostriatal structures among individuals with ADHD and suggest disruption in frontostriatal white matter tracts as one possible pathway to the disorder.
(Am J Psychiatry 2007; 164:1729-1736)
Theor etical accounts of the core symptoms in attention deficit hyperactivity disorder (ADHD) (e.g., 1, 2) almost all include some form of cognitive control. Cognitive control refers to the ability to suppress inappropriate thoughts and actions in favor of more appropriate ones and is measured by neuropsychological tasks, including stop signal, go/nogo, and Stroop paradigms. Empirical studies of cognitive control deficits in ADHD suggest that problems in this ability may be particularly important in relation to impairing symptoms of inattention-disorganization, rather than hyperactivity-impulsivity per se (2, 3) . Neural circuits, linking regions of the prefrontal cortex and the striatum, have been associated with this ability (3, 4) . Development of frontostriatal circuitry, as measured histologically by synaptic pruning and myelination of prefrontal fibers (5, 6) and indexed by imaging methods (7) (8) (9) (10) , proceeds slowly throughout late childhood and adolescence. Concomitantly, capacity for cognitive control develops at a protracted rate, with younger children being more susceptible to interference on a variety of tasks in this domain (3, (11) (12) (13) . Less efficient cognitive control in ADHD has been shown to result from some form of abnormality in the development of frontostriatal brain circuitry, as evidenced by pediatric structural and functional imaging studies on the disorder (14) (15) (16) (17) (18) (19) (20) (21) (22) . How development and refinement of projections within these regions may contribute to enhanced control remains an important question. In the present study, we used diffusion tensor imaging to examine individual differences in frontostriatal white matter tracts and their contribution to performance of a cognitive control task in parent-child dyads with ADHD relative to dyads without ADHD.
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Diffusion tensor imaging is an imaging technique that can detect changes in white matter microstructure based on properties of diffusion (23, 24) . Diffusion of water molecules in white matter tracts is affected by myelin and the orientation and regularity of fibers. Water diffuses more readily parallel rather than perpendicular to a tract, a property termed anisotropic diffusion. Magnetic resonance images can be sensitized to water diffusion to yield a solution to the diffusion tensor, from which variables describing the magnitude and anisotropy of diffusion can be derived (23) . These variables can be used as a measure of myelination and white matter microstructure in vivo (25) and to investigate prefrontal changes during normal maturation (8, 26, 27) or with atypical (28) (29) (30) or premature development (31) . Such measures go beyond simple gray and whiter matter volumetric measures by providing specificity in the directionality of fiber tracts. Diffusion tensor image-based fiber tracking algorithms can be applied to delineate these white matter tracts automatically and reliably (32, 33) .
In this study, we used diffusion tensor imaging to assess how variation in frontostriatal white matter tracts may contribute to individual differences in performance of a go/nogo task in individuals with and without ADHD. Subjects responded with a button press to repeated presentations of a visual stimulus ("go" trials) but inhibited this response when presented with a second, distinctive, and infrequent stimulus ("nogo" trials). Accuracies to nogo trials (false alarms) are the conventional means of indexing cognitive control in this paradigm, but a measure that takes into account both hits and false alarms was used: dprime. d-prime provides a measure of sensitivity in the discrimination and ultimate detection of target stimuli relative to nontarget stimuli (34), a key component of cognitive control (2) (i.e., how well the subject can discriminate and appropriately respond to targets and nontargets).
In a previous functional magnetic resonance imaging (fMRI) study, with a subset of the current sample (35), we showed less frontostriatal activity in ADHD individuals relative to non-ADHD comparison subjects during performance of a go/nogo task. Performance and frontostriatal activity were enhanced with stimulant medication, confirming previous work by Vaidya et al. (15) . In the present study, we sought to relate frontostriatal white matter tracts, as indexed by diffusion tensor imaging, to this hypometabolic activity and behavioral performance. Similar to another previous study (27) , in which we showed that efficient recruitment of cognitive control in healthy volunteers is supported by the development of white matter tracts in frontostriatal regions, we measured fractional anisotropy in these regions in the present study.
Method
Subjects
Twenty youth-parent dyads with ADHD (N=40) and 10 youthparent dyads without ADHD (N=20) were recruited from the Multimodal Treatment Study of Children with ADHD study. (One ADHD parent-child dyad included in the current sample from the Columbia site was not part of the original Multimodal Treatment Study of Children with ADHD study but met a similar set of criteria as those used for that study.) All ADHD youths were recruited from three of the seven geographical recruiting sites for the Multimodal Treatment Study of Children with ADHD study (i.e., Duke University Medical Center; University of California, Berkeley; and New York State Psychiatric Institute) and had received a diagnosis of ADHD, combined type, at 7-9 years of age. At the time of entry into the study, 5-9 years following the completion of randomly assigned treatments, the Diagnostic Interview Schedule for Children, Parent Report, was readministered (36) . Youths were required to meet DSM-IV ADHD diagnostic criteria for any ADHD subtype in order to be included in the study. Biological parents were interviewed to determine whether they met DSM-IV ADHD criteria using the Conners Adult ADHD Diagnostic Interview for DSM-IV. Only dyads in which a youth met DSM-IV ADHD criteria and a biological parent met DSM-IV ADHD criteria were included. Sixteen of the 20 ADHD youth were men. Fifteen of the 20 ADHD parents were women. Demographic information on this sample is presented in Table 1 .
All 20 ADHD youths and one ADHD parent had a history of receiving stimulant medications for ADHD. Of these, three youths and no parents were receiving stimulant medications for ADHD at the time of recruitment for this study. Before participating in this study, a washout period (5 multiplied by the medication's half-life) was required. In addition, participants had to be free of neuroleptic medications for 6 months prior to the study.
The 10 healthy comparison dyads (N=20) were recruited from a local normative comparison group that was part of the Multimodal Treatment Study of Children with ADHD study. For the purposes of this study, children in the comparison group were required to have fewer than three ADHD symptoms within each DSM-IV ADHD symptom domain as assessed by the Diagnostic Interview Schedule for Children, Parent Report. In addition, parents in the comparison group completed the Conners Adult ADHD Diagnostic Interview for DSM-IV and were required to have fewer than three symptoms in each DSM-IV ADHD symptom domain in order to be included. The distribution of gender for youth and parents was similar to the ADHD sample (Table 1) . After complete description of the study to the subjects, written informed consent was obtained.
Image Acquisition and Analysis
Subjects were scanned with General Electric 1.5 Tesla fMRI scanners (General Electric Medical Systems, Milwaukee) at facilities at Duke University Medical Center, Stanford University, and Weill Medical College of Cornell University. In order to ensure comparability across sites, all sites used identical scanners and software for imaging. Prior to image acquisition, the same individuals were scanned at all sites in order to ensure similar signal to noise and contrast to noise across sites. Further, all sites scanned identical phantoms on a monthly basis to check and guard against any drift during the course of the study. Last, all data were normalized during preprocessing to correct for any small signal-to-noise variations across sites. This cross-site methodology was developed and based on a similar multisite functional imaging study (37) . Diffusion tensor imaging scans were obtained using a multislice, spin-echo, diffusion tensor pulse sequence (33 slices, 3.8 mm thick with 0.4 mm skip, TR=12200 msec, echo time=minimum, field of view=24) covering the whole brain and weighted to diffusion in six directions. A whole brain, highresolution, T1-weighted anatomic scan (256×256 in-plane resolution, field of view=240 mm; 124 slices at 1.5 mm per slice) was acquired for each subject for transformation and localization of functional data into Talairach space. Functional data were col-CASEY, EPSTEIN, BUHLE, ET AL.
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lected with a spiral in-and-out sequence (TR=2500 msec, echo time=40 msec, flip angle=90°, field of view=240 mm, 64×64 matrix) (38) . Each volume contained 33 oblique slices (3.2 mm thick with 1 mm skip), with an in-plane resolution of 3.125×3.125 mm covering the entire brain. A set of matching T2 images (field of view=240 mm, 256×256 resolution) was acquired with the same prescription as the functional images.
Functional image processing and analysis were performed using the BrainVoyager QX software package (Brain Innovations, Maastricht, the Netherlands). Preprocessing of the functional data involved three-dimensional motion detection and correction (spatial alignment of all volumes to the first volume by rigid transformation) and linear tendency removal. In order to obtain registration, functional data were coregistered to the anatomic volume by alignment of corresponding points and manual adjustments and then transformed into Talairach space with standard landmarks and interpolated to a resolution of 1 mm.
Signal values in each time course were normalized to z scores representing a change from the mean signal for each run. The signal values for the correct nogo trials were considered effects of interest and modeled with a convolution of an ideal boxcar response (assuming a value of 1 for the volume of the nogo task presentation and a value of 0 for the remaining time points) with a linear model of the hemodynamic response (39) . These predictors were used to build a design matrix for each time course in the experiment. Only correct trials were included in the matrices and subsequent analyses. Hence, correct nogo trials were contrasted with correct go trials to identify activation patterns, which were compared between groups. Three-dimensional statistical maps were generated by assigning an F value to each voxel corresponding to the correct nogo trials and calculated on the basis of the least mean squares solution of the general linear model. Contrast analyses were then performed based on t score differences between the beta weights of this predictor relative to the mean beta weights for each subject, with a random-effects analysis and p value of 0.05, corrected with a contiguity threshold of five acquisition-based voxels to correct for multiple comparisons (40) . In regions of interest where between-group differences were present, mean beta weights for these regions were then correlated with the behavioral measures to examine relations between functional brain activation and performance. Subsequent analysis focused on those regions that correlated with behavioral performance (35) .
Diffusion image reconstruction and analysis were performed using Diffusion Tensor Imaging Studio (version 2.4, H. Jiang and S. Mori, Department of Radiology, Johns Hopkins University, Baltimore). For each participant, all available series were averaged to produce one mean image for each direction. Six apparent diffusion-weighted coefficients were calculated, from which the six independent elements of the diffusion tensor were determined for each voxel. Eigenvalues and eigenvectors of the tensor were calculated using a Jacobi transformation. Fractional anisotropy was calculated from the eigenvalues as described by Basser and Pierpaoli (33) . The eigenvector corresponding to the largest eigenvalue was interpreted as the primary fiber direction within the voxel. The calculation of fractional anisotropy for each region and subject was performed while still blind to diagnosis. Figure 1 depicts the functional map on which the diffusion tensor imaging analyses were based. The axial plane shows the only two functional regions that correlated with task performance (inferior frontal gyrus and caudate nucleus) from our previous study (35) . Figure 1 also shows the fibers that were identi- 
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ajp.psychiatryonline.org fied by using an automated tractography algorithm in this same axial plane. The fiber tracts were automatically generated by planting seeds bilaterally and at the anterior border of the caudate nucleus, excluding fibers crossing the hemispheres in the genu of the corpus callosum. A segment of the corticospinal tract, which was not expected to have any direct relation to cognitive control performance per se, was delineated as described by Liston et al. (27) . This tract extended from the posterior limb of the internal capsule superiorly into the centrum semiovale. For each of these regions, average fractional anisotropy values were calculated for each subject for each analysis, with an alpha of 0.006 to control for multiple comparisons (0.05/8 with four groups and two tracts).
Given that the present study focused on parent-child dyads, associations between parent and child prefrontal white matter tracts were analyzed by correlating fractional anisotropy values for these regions between parents and children in each diagnostic group. To ensure that any significant correlations between parent and child fractional anisotropy measures were not driven by chance or by defining subject groups by behavioral phenotype (i.e., diagnosis of ADHD), 200 permutations of random pairings of parent and child were made for each of these regions, and each was reanalyzed.
Results
Behavioral Results
A two-(age group) by-two (diagnostic group) betweensubjects analysis of variance (ANOVA) for the behavioral measure of d-prime showed a main effect of age group (F= 6.7, df=1, 54, p<0.02) but not diagnostic group (F=2.9, df=1, 54, p<0.09). There was no interaction of age-by-diagnostic group (F=0.61, df=1, 54, p<0.38). Post hoc t tests showed that d-prime values increased from adolescence to adulthood (2.9 to 3.4, p<0.05). A similar pattern of results was shown for false alarm rate on nogo trials (F=5.9, df=1, 54, p<0.02) and mean reaction time for go trials (F=8.2, df=1, ajp.psychiatryonline.org 54, p<0.01), with youths making more false alarms and faster responses than their parents, but was not distinguishing between diagnostic groups.
Imaging Results
To examine the extent to which functional activity associated with go/nogo task performance was correlated with prefrontal white matter measure, functional activity in the inferior frontal gyrus and the caudate nucleus identified from the Epstein et al. (35) study was correlated with fractional anisotropy measures in the prefrontal cortex. These functionally defined regions were selected because they were the only two regions to correlate with performance in the fMRI study of ADHD parent-child dyads. Activity in the inferior frontal gyrus correlated with fractional anisotropy in the prefrontal cortex in youths with ADHD (r=0.76, p<0.007) but not in comparison youths (r=-0.24, p<0.51) or either parent group (p<0.13 [ Figure 1] ). Activity in the left caudate correlated with fractional anisotropy in the left prefrontal cortex in both ADHD parents (r=0.70, p<0.04) and youths (r=0.83, p<0.005) and in comparison youths (r=0.73, p<0.02 [ Figure 1 ]) but not in comparison parents (p>0.73).
To investigate the relation between the frontostriatal white matter tracts and enhanced performance, fractional anisotropy values for individual subjects were correlated with d-prime scores for each group separately. To determine the reliability of the diffusion tensor images-based measures of fractional anisotropy, we used three different analytic methods (voxel-based, region of interest-based, and algorithm-based fiber tracking). The findings from the algorithm-based fiber tracking method are reported, but similar associations were observed between our dprime measure of performance and fractional anisotropy for the region of interest-based and uncorrected voxelbased analyses. Fractional anisotropy in the right prefrontal region was correlated with d-prime scores for the ADHD group (r=0.40 p<0.01 [ Figure 2 ]), driven largely by the correlation for the ADHD parents (r=0.65, p<0.003 [ Figure 2] ), since youths showed only a tendency for this association (r=0.38, p<0.09). d-prime scores decreased in ADHD adults as prefrontal anisotropy values decreased in ADHD adults (see Figure 2) . Specifically, a subset of ADHD parents who performed poorly on the task had lower fractional anisotropy vaules than ADHD parents who performed as well as comparison parents. Since there was a main effect of age (F=3.79, df=1, 58, p<0.001) across all regions, partial correlations were performed controlling for the subject variable of age. The correlations above remained significant after controlling for this variable (all ADHD subjects: r=0.57, p<0.001; ADHD parents: r=0.70, p<0.001, respectively). Less significant correlations were shown between fractional anisotropy in fibers in the left prefrontal region and d-prime scores in ADHD youth (r= 0.49, p<0.03) and parents (r=0.48, p<0.04), which remained significant after controlling for age (r=0.53, p<0.03; r=51, p<0.03, respectively). There were no correlations between fractional anisotropy and d-prime for the comparison group, presumably because of less variance in behavioral performance, and there was no diagnostic group-by-region interaction (F=1.85, df=3, 171, p<0.14).
A segment of the corticospinal tract that was not expected to have any direct relation to go/nogo task performance was delineated as a comparison region (28) . Fractional anisotropy in this region did not differentiate the ADHD and comparison groups, nor did it correlate with behavioral performance (for left and right corticospinal tracts: r=-0.23, p<0.16; r=-0.05, p<0.73, respectively). Further, there was no age-by-region interaction (F=1.44, df=3, 171, p<0.23), suggesting no significant differences between the fiber tracts of interest and these comparison tracts as a function of age for this sample.
Given the correlation between fractional anisotropy in the right frontostriatal tract and performance, we examined family resemblance in this measure for the parentchild dyads. Correlations between prefrontal fiber tracts in parents and their children showed family resemblance in the ADHD dyads (see Figure 2 ). There was a positive association between the ADHD parent and child in fiber tracking-based right and left prefrontal fractional anisotropy (r= 0.61, p<0.005; r=0.66, p<0.001, respectively), and to a lesser extent, in corticospinal tract (right and left regions: r=0.54, p<0.02; r=0.49, p<0.03, respectively). These associations were not present in the comparison parent-child dyads. To ensure that any significant correlations between prefrontal fiber-tract measures in ADHD parents and their children were not driven by chance or variability attributable to the disorder alone, 200 permutations of random pairings of the parent and child were conducted for each of these regions, and each was reanalyzed. Of these random pairings, two reached significance at the corrected alpha level of 0.005 for the left prefrontal regions, and none reached significance for the right prefrontal regions, except for the analysis using the actual parent-child pairing, suggesting a tight association between right prefrontal white matter fiber tracts in parents and their children with ADHD.
Discussion
In this study, we examined the contribution of frontostriatal white matter tracts to cognitive control in parent-child dyads with ADHD. A diffusion tensor imagingbased measure of regularity and myelination (i.e., fractional anisotropy) of frontostriatal fiber tracts was shown to be correlated with performance and with fMRI beta values of the blood-oxygen-level dependent response in frontostriatal regions (i.e., prefrontal cortex and caudate nucleus) during performance of the go/nogo task. Specifically, less activity in these regions was associated with lower fractional anisotropy in adjacent white matter and with poorer cognitive performance, even after controlling for the effects of age. Further, there was an association between ADHD children and their parents in fractional anisotropy in right frontostriatal fiber tracts. The comparison parent-child dyads did not show this association, presumably because of the lack of variability in measures and power given the smaller sample of comparison dyads. Collectively, these data support previous studies indicating heritability of right frontostriatal brain structure among individuals with ADHD and suggest that atypical development of frontostriatal tracts could lead to cognitive deficits in this disorder.
Fractional anisotropy has been used extensively as a measure of white matter microstructure (8, 26, 28, 29, 31) . Combined with previous studies indicating that prefrontal white matter matures slowly during childhood and adolescence (6-9), it is likely that increases in cognitive control ability may correspond with ongoing myelination of frontostriatal tracts as shown in our earlier study (27) and in the study by Klingberg et al. (8) . The hypothesis that atypical development and regularity of fiber tracts may explain our current findings and is based on the observation that divergence between diagnostic groups in the association between performance and prefrontal fractional anisotropy was not observed until adulthood. This pattern only emerged for those ADHD adults with poor cognitive performance.
Specifically, approximately one-half of the ADHD parents performed poorly on the task and all had lower fractional anisotropy than those who performed as well as comparison parents. The importance of white matter tract development in ADHD is supported by the tight association between measures of the right prefrontal fiber tracts of the ADHD parent and child. Previous familial studies of ADHD have suggested an important role of prefrontal regions in this disorder. For example, Durston et al. (19) showed that children with ADHD and their unaffected siblings activate the prefrontal cortex less during performance of cognitive control tasks (e.g., go/nogo task) relative to comparison subjects. Taken together, these findings suggest that prefrontal function and structure may be suitable candidate endophenotypes for studies investigating gene effects in ADHD.
Although automated fiber tractography has been used elsewhere for delineation of anatomic white matter tracts (23, 24) , use of this methodology for selecting a region of interest has limitations. A selection bias may arise if path geometries are significantly affected by group differences in diffusion properties. However, an analysis of fiber-tract volumes revealed no group differences, and tract volumes were not correlated with fractional anisotropy or age. These findings suggest that a potential selection bias did not significantly confound the results presented in the present study.
Collectively, these findings suggest that variability in the myelination and regularity of right prefrontal fibers may contribute to cognitive deficits in ADHD. Family resemblance in prefrontal tracts in the patients underscores the importance of considering irregularities in prefrontal fiber tracts as an important factor in this disorder. Overall, the findings add to a growing body of evidence (16) , suggest-CASEY, EPSTEIN, BUHLE, ET AL.
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ing that genetic studies of disorders such as ADHD, which traditionally have focused on dopaminergic and neuroadrenergic neurotransmission, may benefit from examination of the regulation of myelination and axon migration in the prefrontal cortex.
